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Imagine being able to knock out your favourite gene with only a day's work. Not just in one 
model system, but in virtually any organism: plants, flies, mice or cultured cells. This sort of 
experimental dream might one day become reality as we learn to harness the power of RNA 
interference, the process by which double-stranded RNA induces the silencing of homologous 
endogenous genes. How this phenomenon works is slowly becoming clear, and might help us 
to develop an effortless tool to probe gene function in cells and animals. 



One of the most effective ways to determine the biologi- 
cal function of a protein is to examine the phenotype of 
organisms that contain mutations in its encoding gene. 
Typically, such mutations are either created in a directed 
manner, using homologous recombination, for example 
in yeast or mammals, or identified by searching collec- 
tions of randomly mutagenized organisms for lesions in 
a gene of interest, as is commonly done in worms and 
flies. Alternative methods for silencing specific genes 
have also provided potentially powerful approaches. 
Antisense methods, using either DNAor RNA are rela- 
tively straightforward techniques for probing gene func- 
tion; however, these methodologies have consistently 
suffered from the spectre of artefacts that arise from 
questionable specificity and incomplete efficacy. 
Recently, a new method for silencing specific genes has 
emerged 1 . In diverse organisms, double-stranded 
(ds)RNAs have been shown to inhibit gene expression 
in a sequence-specific manner. This biological process, 
termed RNA interference, or RNAi, shows several fea- 
tures that border on the mystical. In Caenorhabditis ele- 
gans, gene silencing by RNAi can be initiated simply by 
soaking worms in dsRNA or by feeding worms 
Escherichia coli that express the dsRNA 2 . RNAi is a 
potent method, requiring only a few molecules of 
dsRNA per cell to silence expression. Not only can 
silencing spread from the digestive tract of worms to the 
remainder of the organism, but the effect can also be 



transmitted through the germ line for several genera- 
tions 1 . These discoveries have intrigued the biological 
community — an interest that is also fuelled by the 
increasing power of RNAi as a tool to convert the accu- 
mulating hordes of genomic information into a deeper 
understanding of biological function. In this review, we 
highlight some of the recent progress that has been 
made towards understanding the mechanisms that 
underlie dsRNA- induced gene silencing and we briefly 
discuss ways in which this biological phenomenon is 
being harnessed as an experimental tool. 

The discovery of RNAi 

The discovery of RNAi grew out of a desire to use anti- 
sense approaches to probe gene function in C. elegans. 
In an effort to determine the function of the par- 1 gene, 
Guo and Kemphues injected antisense par-1 RNAinto 
worms 3 . This created the expected phenotype — 
embryonic lethality. However, a serious paradox was 
raised by the observation that injection of the control, 
sense-orientation RNA created an identical phenotype. 
With hindsight, this was reminiscent of observations 
that had been made in plants, in which increased gene 
dosage also caused loss of gene expression. However, at 
the time (six years ago), the inhibition of gene expres- 
sion was thought to be caused by the saturation of the 
factors that are needed for par-1 translation. 

The key breakthrough came when Fire and Mello 1 , 



110 | FEBRUARY 2001 | VOLUME 2 



IH © 2001 Macmillan Magazines Ltd 



www.nature.com/reviews/genetics 



RNASEL 

Aubiquitous vertebrate RNase 
that is activated indirectly by 
double-stranded RNA This 
enzyme lacks the sequence 
specificity of RNA interference. 

NON-CEIX-ADTONOMOUS 
Amutation that behaves non- 
cell-autonomously is one that 
affects cells other than those 
that possess themutation. 

PENETRANCE 
The proportion of 
genotypically mutant 
organisms that show the 
mutant phenotype. If all 
genotypically mutant 
individuals show the mutant 
phenotype, then the genotype is 
said to be completelypenetrant. 

EPIGENET1C 

Transmission of phenotypesby 
mechanisms other than changes 
in DNAsequence. 

NUCLEAR RUN-ON ASSAY 
Direct measurement of 
transcriptional activity of a 
genebyincorporation of 
labelled UTP into its mRNA 

5-AZADEOXKYnDME 
Apotent and specific inhibitor 
of DNAmethylation. 



who had also observed that either sense- or antisense- 
orientated RNAs inhibited gene function, asked 
whether injection of both the sense and the antisense 
strands into worms might give an additive, and so more 
complete, effect. Shockingly, the mixture of sense and 
antisense strands silenced expression of a target gene 
roughly tenfold more efficiently than either strand 
alone. Interpreting this dsRNA- induced effect as a new 
phenomenon, the authors named the process RNA 
interference, or RNAi. 

The ability of dsRNA to affect gene expression was 
already well known in mammals; here, a series of inter- 
feron-inducible pathways respond to dsRNAby inhibit- 
ing translation through the action of a dsRNA- activated 
protein kinase (DAI or PKR) 4 . The key difference 
between this response and RNAi was their respective 
specificity: the PKRresponse inhibited gene expression 
globally, whereas RNAi had a specific effect on gene 
expression. A more specific dsRNAresponse in mam- 
malian cells had also been proposed to operate through 
the localized activation of aribonuclease (rnasel) that 
responds indirectly to dsRNA 5 . The latter pathway might 
have provided a plausible explanation for RNAi, as it was 
clear that the targeted mRNA was destroyed in response 
to dsRNA. However, a series of startling observations 
made it clear that RNAi was mechanistically distinct 
from any previously known dsRNAresponse. One of the 
first indications that RNAi was a novel biological phe- 
nomenon was the potency of its effect. Injection into the 
worm of only a few molecules of dsRNA per cell was suf- 
ficient to almost completely silence the expression of a 
specific gene. Furthermore, the effect seemed to be non 
cell- autonomous or, at the very least, systemic 1 . Injection 
of dsRNA into the gut of the worm caused silencing 
throughout the animal, and also in the Fj progeny 1 . 
Transmission could occur through either the male or 
female germ line with almost complete penetrance. 

The heritable nature of RNAi was compatible with 
the idea that dsRNA exerted its effect through the epige- 
nehc suppression of chromosomal loci. However, sever- 
al lines of evidence indicated that dsRNA might have 
induced gene silencing at the post-transcriptional rather 
than at the transcriptional level. For example, only 
dsRNAs corresponding to transcribed regions of genes 
could induce silencing 1,6 — even dsRNAs directed 
against intronic regions were largely ineffective 1 - 7 . 

Although the odd phenomenology of RNAi was not 
compatible with any previously known biological 
process, the authors of the original studies made some 
mechanistic predictions that, to their credit, have sur- 
vived recent genetic and biochemical studies. They pro- 
posed that the key to the interference process is the 
recognition of the target mRNA by the dsRNA or a 
derivative thereof. Because the incoming dsRNA need 
not be present at stoichiometric levels, they proposed 
the existence of either a highly efficient catalytic 
machine or an amplification step. In the former case, 
they posited that the machinery of RNAi would search 
out homologous mRNAs, which would subsequently be 
destroyed by a nuclease that was directed to them by 
base-pairing interactions. In the latter case, they pro- 



posed an amplification of the signal, possibly through a 
replicative expansion of either the dsRNAor its deriva- 
tive. The nature of the derivative that was either to direct 
the nuclease or to function as the template for amplifi- 
cation remained a mystery, because it could not be 
detected in worms that were undergoing silencing. As 
discussed below, a candidate for such an entity has been 
identified, first in plants and subsequently in Drosophila 
melanogaster. Ironically, a corresponding molecule has 
only recently been found in C. elegant. 

RNAi and cosuppression 

While the use of RNAi as a reverse- genetic tool took the 
worm world by storm, continuing studies in plants 
revealed that previously studied silencing phenomena 
were reminiscent of RNAi in worms. In retrospect, it is 
clear that the phenomenon of RNAi was first discovered 
in plants (not in worms) as post-transcriptional gene 
silencing, or PTGS 910 (BOX1). 

With the development of tools for introducing 
transgenes into plants, attempts were made to engineer 
plants with more desirable characteristics. Among such 
efforts were those of Rich Jorgensen and his group, who 
tried to deepen the purple colour of petunias 910 . 
Unexpectedly, many plants failed to express the intro- 
duced transgenes. Furthermore, if the transgene con- 
tained homology to a cellular gene, the endogenous 
copy was also often silenced. The term 'cosuppression' 
was coined to describe the ability of exogenous elements 
to also alter the expression of endogenous genes. 

There seemed to be at least two mechanisms 
through which silencing of both transgenes and 
endogenous loci could occur. As defined by these mech- 
anisms, in one class of plants, transgene- induced silenc- 
ing was accompanied by heavy methylation of silenced 
loci, presumably leading to a blockade at the transcrip- 
tional level (transcriptional gene silencing or TGS; see 
BOXl) 11 - 12 . In these cases, reversal of methylation by 
treatment with 5- AZA-DroxYCYrrorNE relieved repression. A 
genetic screen in Arabidopsis thaliana uncovered two 
genes, decreased DNA methylation 1 (DDM /) and 
HOG1, that are required for maintenance of TGS. 
Mutation of either of these genes not only relieved 
repression but also resulted in a loss of methylation at 
targeted loci 12 . In some cases, however, methylation and 
silencing could be uncoupled. Disruption of the main- 
tenance of methylation (MOM) gene resulted in activa- 
tion of methylated genes, without affecting methylation. 
Interestingly, this gene is homologous to the SWI2 family 
components of ATP-dependent chromatin-remodelling 
complexes. This might indicate that a primary enforcer 
of silencing is altered chromatin structure, which func- 
tions with methylation to achieve suppression 13 . 

In a second class of plant, PTGS occurred. This was 
clearly shown by nuclearrun-on assays, which indicated 
that transcript was being made but that it failed to accu- 
mulate in the cytoplasm 14 . Furthermore, silencing was a 
systemic phenomenon . Silencing of the endogenous 
gene could spread from the source plant by grafting tis- 
sue onto a host plant that did not contain the trans- 
gene 15 . A clue to the basis of this phenomenon came 
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Box 1 | Variations in homology-dependent gene silencing 

Homology-dependent gene silencing has been recorded in various organisms, ranging 
from plants to animals to fungi. Because of the different experimental systems used to 
study this phenomenon, several terms have emerged, often describing potentially 
similar processes. These terms are summarized below. Silencing is generally defined on 
the basis of two properties: the inducing agent and the mechanism of silencing. 

Post-trunscriptional gene silencing (PTGS) 

This is a general term that applies to RNA interference (RNAi) in animals, and to some 
types of virally- and transgene-induced silencing in plants. The transcription of the 
gene is unaffected; however, gene expression is lost because mRNA molecules become 
unstable. 

Transcriptional gene silencing (TGS) 

This is generally observed in plants but has also been seen in animals. Gene expression 
is reduced by a blockade at the transcriptional level. Evidence indicates that 
transcriptional repression might be caused by chromatin modification orDNA 
methylation. 

Transgene-induced silencing 

Silencing is caused by the presence of transgenes in the genome. Repression is usually 
related to copy number. Tandemly arrayed transgenes are more effective inducers of 
silencing than dispersed transgenes, with inverted repeats being the most effective. 
Silencing can occur transcriptionally or post- transcriptionally. 

Virus-induced silencing 

Silencing is induced by the presence of viral genomic RNA. Only replication-competent 
viruses cause silencing, indicating that double-stranded (ds)RNA molecules might be 
the inducing agents. 

Cosuppression 

Silencing of an endogenous gene due to the presence of a homologous transgene or 
virus. Cosuppression can occur at the transcriptional or post- transcriptional level 

(PTGS or TGS). 

RNAi 

This type of PTGS is induced directly by dsRNA It was first defined in Caenorhabditis 
elegans and seems to be mechanistically related, if not identical, to PTGS in plants. 

Quelling 

This term is specific for transgene-induced PTGS in Neurospora crassa. 

The insert shows C.elegans embryos produced by worms that had been fed BIR-1 or 
dsRNA. BIR-1 deficiency (right photo) produces a profound cytokinesis deficiency as 
compared with controls (left photo) 76 . (Images kindly provided by S. Mlstein and M. 

from observations made by Baulcombe and colleagues, 
who were using potato virus X as a vector for generating 
transgenic plants. It was believed that extremely high 
levels of transgene expression could be obtained 
through amplification of the viral RNA by its own 
RNA-dependent RNA polymerase. Unexpectedly, plants 
infected with virus vector (containing a reporter) did 
not yield highly expressing lines. Instead, plants had 
moderate levels of reporter gene expression, combined 
with viral resistance. This response, which resembled 
PTGS, was also effective against genes that contained 
sequence homology to the viral RNA. As with many 
RNA viruses, potato virus X generates dsRNA during its 
replication cycle. Replication defective viruses did not 
generate this response, indicating the viral RNA was the 
trigger 16 . With hindsight, this was a strong indication 
that PTGS in plants is similar to RNAi in worms; how- 
ever, the observations of Baulcombe's group pre-dated 
the seminal insights of Mello and Fire in C. elegans. 
It should be noted that suppression by transcription- 
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HETEROKARTON 
Acell that contains two nuclei 
in a common cytoplasm. 

STEM-LOOP STRUCTURE 
Alollipop-shaped structure that 
is formed when a single- 
stranded nucleic acid molecule 
loops back on itself to form a 
complementary double helix 
(stem) topped bya loop. 



al and post-transcriptional mechanisms might not be 
mutually exclusive. Ultimately, stable and heritable 
silencing in plants might result from a cross-talk 
between processes that affect the genomic copy of the 
gene that is to be silenced and processes that affect the 
corresponding mRNA 14 . 

Transgene cosuppression is not limited to plants but 
has also been shown in fungi, Drosophila 11 , C. elegans 1 * 
and rodent fibroblasts 19 . Transgene silencing in the 
ascomycete fungus, Neurospora crassa, had been termed 
'quelling' and occurs at the post-transcriptional level 
(BOX 1). Furthermore, silencing that has been triggered 
in a transgenic nucleus can spread to a wild-type one in 
a heterokarton 20 . In Drosophila, single copies of a 
white-adh (for alcohol dehydrogenase) fusion transgene 
can induce silencing of the endogenous adh gene 17 . This 
effect was more pronounced in flies that were homozy- 
gous for the transgene than those that were hemizygous, 
possibly owing to interaction between the two alleles. 
This led the authors to suggest that silencing was most 
probably occurring at the transcriptional level. In a dif- 
ferent study, transgenes that were present as an inverted 
repeat were more effectively silenced than those 
arranged in direct repeats 21 . This DNA structure, when 
transcribed, yields RNA in a stem-loop conformation. As 
with virally induced gene silencing, it is probable that, at 
least in the latter case, silencing is triggered by a dsRNA 
that induces PTGS through the RNAi pathway. 

Definitive links between transgene cosuppression 
and RNAi have come from genetic analysis. Searches for 
mutant organisms that are resistant to either RNAi or 
transgene cosuppression (specifically, to quelling) have 
revealed a common set of molecules. Furthermore, 
some mutations that prevent RNAi in C. elegans also 
relieve transgene cosuppression 18 

It is unclear whether cosuppression that occurs at the 
transcriptional level or that is provoked by unlinked and 
single-copy transgenes is related to RNAi. Further inves- 
tigation is required to reveal the details of these regula- 
tory processes and to illuminate the role of the RNAi 
pathway in these types of silencing event. 

Guide RNAs 

As clearly articulated in the original models for RNAi 
that were proposed by Fire and Mello 1 , the most logical 
way to recognize a target mRNA would be through 
complementary base pairing. So investigators searched 
for nucleic acids that were coincident with silencing and 
that were homologous to the silenced gene. These 
proved elusive, not so much because of a physically 
exotic nature but because of their size. The key insight 
came from Baulcombe and Hamilton, who identified a 
small RNA species of ~25 nucleotides that was present 
in plants undergoing either cosuppression or virus- 
induced gene silencing, but that was absent from plants 
that were not undergoing silencing 22 . Because the RNAs 
that triggered silencing were large (>500 nucleotides), 
the small RNAs could have been participants in the 
silencing process, products of it, or both. Several lines of 
evidence indicated a possible integral role. First was the 
presence of small RNAs that were homologous to both 
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the sense and antisense strands of the silenced gene, 
making it unlikely that these were degradation products 
of the targeted mRNA Second was the fact that produc- 
tion of the small RNAs did not require the presence of 
the homologous endogenous gene. In fact, RNA viruses 
that replicate in the cytoplasm could provoke the pro- 
duction of small RNAs homologous to a gene fragment 
of their RNA genome. As stated above, silencing by 
PTGS/RNAi at one site in a plant or worm can spread 
throughout the organism. Small RNAs could also be 
found at sites distant from those at which silencing had 
been induced, and the presence of these species correlat- 
ed with loss of expression 22 . So, in plants, the presence of 
these small RNAs correlated with the silencing process, 
irrespective of whether silencing had been triggered by 
cytoplasmic dsRNAs or by genomic transgenes. 

The evidence for a general role for small RNAs was 
provided by the subsequent discovery of these small 
RNAs in Drosophila tissue culture cells in which RNAi 
had been provoked by introducing large (>500 
nucleotide) exogenous dsRNAs 23 , in Drosophila 
embryo extracts that were carrying out RNAi in vitro 14 
and in Drosophila embryos that had been injected 
with dsRNA 25 . The presence of ~25-nucleotide RNAs 
in flies provided a strong indication that RNAi in ani- 
mals and PTGS in plants were mechanistically similar, 
a hypothesis that has been borne out by genetic and 
biochemical evidence. Recently, small RNAs have been 
identified in plants undergoing TGS that had been 
induced by expression of stem loop RNAs 26 . It should 
be noted, however, that the data are only correlative. 
These small RNAs might not actually feed into a tran- 
scription-silencing complex, but instead feed into an 
unobserved PTGS activity. Nevertheless, this finding 
raises the possibility that a general mechanism applies 
to PTGS and TGS. 

Mechanistic basis of RNAi and PTGS 

One of the great mysteries surrounding RNAi is how a 
cell can respond to virtually any incoming dsRNAby 
efficiently and specifically silencing genes that are 
homologous to it. Since the seminal discovery of small 



Table 1 | Mutants that resist interference 
Caenorhabditis Neurospora Arabidopsis Putative function Involvement 



elegans 

rde-1 

rde-2 

rde-3 

rde-4 

mut-2 

mut-7 

ego-1 



crassa 

qde-2 



qde- 1 
qde-3 



thaliana 

AGO-1 



SGS-2'SDE-1 



SGS-1 
SGS-3 



of protein 

Unknown 
Not cloned 
Not cloned 
Not cloned 
Not cloned 
RNaseD 
RdRP 

Werner Bloom 
helicase 

Unknown 

Unknown 



of protein in RNAi 

Initiation of activity 
Effector 

Initiation of activity 
Effector 



(AGO, argonante; ego, enhancers of glp-1 ; mut, mutator; rde, RNAi-deficient; RdRP, RNA- 
dependent RNA polymerase; SGS, suppressor of gene silencing; qde, quelling-deficient.) 



RNA species, progress in both genetic and biochemical 
dissection of the silencing process has begun to produce 
a basic understanding of the interference mechanism. 

Genetic approaches. Shortly after RNAi was discovered 
in C. elegans, geneticists began to search for mutants 
that were defective in this response. In parallel, genetic 
screens were being done in Neurospora and Arabidopsis 
and, more recently, in Chlamydomonas reinhardtii 21 ', to 
identify genes that are required for transgene- and viral- 
ly induced PTGS. Loci are accumulating from all of 
these systems and are summarized in table 1 as a guide 
to the discussion below. 

Mutants have been identified that affect the forma- 
tion of silencing activity, the effector step of silencing 
and the persistence of silencing. These mutants indicate 
that formation of the silencer and the actual silencing 
events might be distinct and separable processes. 
Although none of these mutants has been assigned a 
definitive mechanistic role in the silencing process, their 
study has been informative. In particular, mutant plants 
and animals have additional phenotypes that hint at 
important biological functions for RNAi and related 
silencing phenomena. 

Two mutants have been shown to affect the forma- 
tion of silencing activity. These have been placed at 
the initiation step because heterozygous worms (con- 
taining wild-type activity) that have been exposed to 
dsRNAcan transmit RNAi to homozygous mutant 
offspring, even though homozygous animals can 
mount no silencing activity in response to an intro- 
duced double strand. These are the C. elegans RNAi- 
deficient mutants rde-4 and rde-1. The rde-1 gene was 
identified in a screen for first-generation RNAi 
mutants (rather than mutants in inherited RNAi). 
The RDE-1 protein is homologous to the quelling- 
defective (qde-2) gene in Neurospora 2 * and to ARG- 
ONAUTE(AGO-l) in Arabidopsis 29 . Whereas rde-1 
and qde-2 have no apparent phenotypes other than 
defects in RNAi or quelling, the Arabidopsis AGO- 1 
mutant, which has recently been shown to be defec- 
tive in PTGS 29 , has several developmental abnormali- 
ties. AGO-1 mutants have altered leaf differentiation, a 
reduced number of secondary meristems and are ster- 
ile because of defects in flower development 30 . 
Mutations in other members of the Arabidopsis AGO 
gene family cause similar developmental effects 29 , and 
stem cell phenotypes are also a characteristic feature 
of AGO family mutants in Drosophila^. The rde-1 
family is evolution arily conserved, with several genes 
in all organisms that have been examined, with the 
exception of Schizosaccharomyces pombe. In mam- 
mals, a member of the RDE- 1 family has been identi- 
fied as a translation-initiation factor 32 , and a member 
of this protein family has been localized to the endo- 
plasmic reticulum in rat cells 33 . It is not known 
whether this protein is involved in RNAi in mammals 
or whether its function has diverged. 

Two mutants have also been identified in the sec- 
ond, effector step of silencing activity; these have been 
defined as such because a heterozygous worm injected 
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Box 2 | Biological function of double-stranded RNA-induced silencing 

The ability of double-stranded (ds) RNA to provoke gene silencing is a response that 
has been conserved throughout evolution, indicating it might be important 
biologically. An often proposed function is as a generalized defence mechanism against 
unwanted nucleic acids, either in the form of viruses or in the form of parasitic DNA 
sequences in the genome. 

There is a good deal of genetic support for the importance of RNAi and PTGS in 
genome defence. Many Caenorhabditis elegans mutants deficient in RNAi also show 
transposon mobilization. Similar connections can be drawn in Dmsophila 
melanogaster and Chlamydomonasreinhardtii 216661 . Derepression of transposons has 
obvious implications for genome stability. For instance, mobilized transposons might 
act as insert ional mutagens. Many genomes contain highly repetitive sequences, 
including transposons, which normally reside in heterochromatin. Derepression of 
transposons could also disrupt the heterochromatic state and provide homologous 
sequences for recombination (for example, through double-strand-break repair) 
between non-homologous regions of chromosomes. In this way, transposon activation 
could result in large scale destabilization of the genome. 

A role for PTGS in transposon control has not yet been observed in plants, but PTGS 
is clearly involved in the response to RNA viruses. A substantial number of plant 
viruses have evolved proteins that counter silencing 68 ®. Many of these viral proteins 
had been previously identified as pathogenicity determinants, which points to the key 
role that PTGS has in antiviral defence. These viral opponents of PTGS are diverse and 
are likely to interfere at multiple steps in silencing. 

The key question that remains unanswered is whether RNAi and related phenomena 
have a role in regulating the expression of cellular genes. Although there is at present 
no direct support for this idea, there are indications from the phenotype of RNAi- 
resistant mutants. In particular, mutation of the AGO- 1 gene in Arabidopsis thaliana 
impairs silencing but also causes numerous developmental abnormalities 29 - 30 . So either 
the silencing process must be important during development or the AGO-1 protein 
must have multiple biological functions. 

with dsRNA fails to transmit RNAi to homozygous 
mutant offspring 34 . Worms with mutations in the 
RNAi deficient-2 (rde-2) and mutator-7 (mut-7) 
genes are less deficient in RNAi than the initiator- step 
mutants, suggesting that there might be several path- 
ways for silencing. In addition to defects in RNAi, the 
effector mutants have increased levels of transposon 
activity and defects in transgene silencing 35 . These 
other phenotypes imply that part of the RNAi 
machinery is involved in silencing transposons and in 
cosuppression. However, the lack of transposon 
mobilization in the RNAi-initiation mutants indicates 
that transposon silencing and RNAi might not occur 
by completely identical mechanisms. The rde-2 gene 
product has not yet been identified. The mut-7 gene, 
product has homology to both RNase D and to the 
exonuclease domain of the gene that is disrupted in 
human Werner syndrome; however, a functional heli- 
case motif that is associated with the Werner protein 
is apparently lacking 36 . The Werner syndrome helicase 
has both DNase and RNase activities 37-40 , and the 
MUT-7 protein contains all of the key catalytic 
residues for nuclease activity. MUT-7 is therefore a 
reasonable candidate for the catalytic engine of the 
machinery that destroys mRNAs that have been tar- 
geted by RNAi. 

Other mutants that are defective in RNAi also show 
transposon mobilization. These include rde-3 (ref.35) 
and mut-2 (REFS 35,36,41). In addition, these mutations 
can cause sterility and produce a high incidence of male 



NONSENSE- MEDIATED DECAY 
The process by which the cell 
destroys mRNAs that are 
untranslatable owing to the 
presence of a nonsense codon 
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offspring (him phenotype) that results from sponta- 
neous loss of an X chromosome during meiosis to pro- 
duce the XO male. The connection between these chro- 
mosome-segregation defects and RNAi is not known. 

This strong genetic relationship between RNAi and 
transposon silencing supports the idea that RNAi is 
involved in genome defence and maintenance of 
genome stability (BOX2), and raises questions concern- 
ing the route by which transposons and other multicopy 
genetic elements provoke an RNAi response. 

A group of mutants known for their role in C. elegans 
nonsense-mediated decay have been shown to affect the 
persistence of interference 42 . These mutants are termed 
suppressors of morphological effects on genitalia 2,5 and 
6 (smg-2, sing- 5, and smg-6) . The smg-5 and smg-6 genes 
are not cloned, but smg-2 has homology to a yeast RNA 
helicase 43 . No smg-2 homologues have been discovered 
in Neurospora. However, helicases have been linked to 
silencing through theNeurospora quelling mutant qde-3 
(REE 44). This helicase, like mut-7, is related to the human 
Werner syndrome and Bloom syndrome proteins. 

The incredible potency and systemic effects of 
both RNAi and PTGS have caused many observers to 
propose a role for RNA-dependent RNA polymerases 
(RdRPs) in the triggering and amplification of the 
silencing effect. Whereas RNAi in C. elegans is clearly 
initiated by dsRNA, PTGS in plants can be initiated 
just by very high levels of expression of a sense-orien- 
tated transcript from a transgene. This has led to the 
proposal that RdRPs recognize 'aberrant' RNAs and 
convert them to a double-stranded form. One plausi- 
ble mechanism is that the accumulation of prema- 
turely terminated transcripts provides a source of free 
3' hydroxyl termini that are not masked by polyA- 
binding proteins. These could function as a primer for 
the creation of a hairpin that would act as the silenc- 
ing trigger. Whether by producing dsRNA or by 
amplifying it, the importance of RdRPs is apparent 
from the discovery of RdRPs among the silencing 
mutants of C. elegans, Neurospora and Arabidopsis. 
The C. elegans ego- 1 gene was originally identified as a 
mutation that causes defective germline develop- 
ment 45 . The ego-1 mutant was subsequently shown to 
be defective in responses to dsRNAs that are homolo- 
gous to some genes that are expressed in the germ 
line 46 (where EGO-1 is predominantly expressed). In 
this mutant, RNAi functions normally for somatic 
genes. The Neurospora qde-1 mutant, which has a 
mutation in RdRP, is deficient in quelling but shows 
no other phenotype 47 . The. Arabidopsis RdRP SGS- 
2/SDE-l was discovered in two separate screens for 
PTGS mutants 48 - 49 . Interestingly, mutant plants fail to 
accumulate small RNAs corresponding to the sense 
transcript of an ectopically expressed gene, but accu- 
mulate guide RNAs to an endogenously replicating 
RNA virus 48 . Correspondingly, SGS-2/SDE-1 mutant 
plants can silence a virus that replicates through a 
dsRNA intermediate but cannot silence a transgene, 
which might require the RdRP to generate the silenc- 
ing trigger 48 . It has been proposed that the viral RdRP 
might substitute for the cellular RdRP in the silencing 
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process. However, it is unclear whether the viral RdRP 
is required solely for production of the viral replica- 
tion intermediate that functions as a silencing trigger 
or whether the viral RdRP might also function in the 
silencing process itself. The apparent absence of a RdRP 
homologue in the Drosophila genome has raised ques- 
tions about the universality of this aspect of the silenc- 
ing mechanism. However, a much more complete and 
detailed analysis will be required to definitively rule out 
the existence of a fly RdRP. 

Biochemical approaches. As genetic routes continue to 
link proteins to the silencing process, the challenge is 
to understand precisely how each one fits into the 
silencing mechanism. In this regard, the development 
of two related in vitro systems is now beginning to 
shed light on the biochemistry of RNAi. Hie first was 
developed by Tuschl and colleagues, who reported 
that extracts from Drosophila embryos specifically 
prevented the synthesis of luciferase from a synthetic 
mRNA upon addition of a cognate dsRNA 50 . The 
interference activity in the extracts could be amplified 
by pre- incubation, such that they would still function 
upon repeated dilution; this was reminiscent of the 
apparent amplification of the interference effect that 
occurs during silencing in vivo. Finally, the authors 
showed that inhibition of gene expression was most 
probably due to degradation of mRNAs that corre- 
spond to the added dsRNA 

This study was followed shortly by work from our 
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Figure 1 | How does RNAi work? Genetic and biochemical data indicate a possible two-step 
mechanism for RNA interference (RNAi): an initiation step and an effector step, a | In the first 
step, input double-stranded (ds) RNA is processed into 21-23-nucleotide 'guide sequences'. 
Whether they are single- or double-stranded remains an open question. An RNA amplification 
step (shaded box) has been suggested on the basis of the unusual properties of the 
interference phenomenon in whole animals, but this has not been reproduced definitively in 
vitro, b | The guide RNAs are incorporated into a nuclease complex, called the RNA-induced 
silencing complex (RISC), which acts in the second effector step to destroy mRNAs that are 
recognized by the guide RNAs through base-pairing interactions. We also suggest the 
incorporation of an active mechanism to search for homologous mRNAs. (Endo, 
endonucleolytic nuclease; exo, exonucleolytic nuclease; recA, homology-searching activity 
related to £ coli recA.) 

®^ Animated online 



laboratory, which reported the development of an in 
vitro system derived from Drosophila S2 cells (an 
embryonic cell line) 23 . The principal difference between 
the two experimental systems is that, in S2 cells, RNAi is 
initiated in intact cells by transfection with dsRNA, 
whereas in the embryo lysates, RNAi is initiated in vitro 
by the addition of dsRNAs. 

Our work solidified the idea that RNAi was the result 
of nuclease digestion of the mRNA but also revealed 
several key features of the silencing process. The nucle- 
ase, which was designated RISC (RNA-induced silenc- 
ing complex) could be extracted from cells in associa- 
tion with ribosomes. Although this result could be 
dismissed as an experimental artefact, it was consistent 
with a previous proposal that RNAi acts as a transla- 
tional surveillance mechanism. However, neither trans- 
lation nor capped and polyadenylated mRNAs were not 
required in either Drosophila embryo or S2 cell extracts 
to observe RNAi in vitro 73 - 24 . 

To test the model that destruction of mRNA was 
directed by the dsRNAor a derivative thereof, we asked 
whether the nuclease activity had an integral nucleic 
acid component. Through partial purification, we 
found that a ~22-nucleotide RNA that was homologous 
to the substrate that fractionated together with the RISC 
and was required for its activity. This led to a model in 
which the small RNAs that were originally observed in 
plants functioned as a specificity subunit to direct a 
multicomponent nuclease towards destruction of 
homologous mRNAs. Therefore, we coined the name 
"guide RNAs" for these small RNAs. 

As formation of the nuclease had occurred inside 
transfected cells, it was difficult to determine whether 
the guide RNAs were derived directly from the incom- 
ing dsRNA or derived through replication of the 
dsRNAby RdRPs, which have been linked to RNAi in 
other systems. Akey insight into this problem came 
again from the Drosophila embryo. Zamore and col- 
leagues, in a follow-up to their earlier study 50 , identi- 
fied an activity in Drosophila embryo lysates that 
could cleave long dsRNAkS into discrete ~ 21-23- 
nucleotide fragments 24 . This implied that guide RNAs 
were derived from the dsRNA itself. Erickson and col- 
leagues supported this view by showing that injection 
of labelled dsRNAinto Drosophila embryos led to 
production of labelled guide RNAs 25 . Although this 
did not rule out the possibility that guide RNAs are 
supplemented by RNAs made by an RdRP, further 
work indicated that an RdRP activity might not be 
necessary. Using slightly mismatched dsRNAs, it was 
shown that the antisense strand is more critical for 
silencing 25 . This would make sense if the antisense 
strand leads directly to guide RNAs, which results in 
targeting of the sense transcript by hybridization. If 
replication was taking place, either strand could lead 
ultimately to homologous antisense guide RNAs. 

In support of the model that these small RNAs guide 
mRNA destruction, Zamore and colleagues showed that 
the dsRN A determined the boundaries of cleavage of 
the mRNA and that the mRNA was also cut at 21-23- 
nucleotide intervals 24 . The latter observation implies 
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Box 3 | Delivering double-stranded RNA 



Method 



dsRNA 



Stem-loop 
; expression 



Organism 

C. elegans 
Drosophila 
Trypanosomes 



C. elegans 77 
Drosophila 55 
Trypanosomes 78 
Plants 79 




Trypanosomes 78 ' 



1IL VIRUS 



Plants 



Pros 

• Fast 

• Effective 

• Works in many 
systems 



Cons 

• Non-inducible 

• Most effective in 
embryonic 
systems 



Stable • Time consuming 

Inducible to generate 

Tissue specific • Cloning can be 
problematic 



Stable 
Inducible 
Tissue specific 



Time consuming 
to generate 
Promoters can 
silence each 
other 



Most common • Limited to plants 
technique in at present 
plants 



The original protocol for initiating SNA interference (RNAi) in Caenorhabditis elegans 
involved the direct introduction of double-stranded (ds)RNA by injection. By contrast, 
PTGS could be most easily induced in plants by infection with potato virus X. 
Although these two methods are still highly effective in their respective organisms, 
several other approaches have been developed for these, and for other organisms 
(including Drosophila melanogaster, see figure above). These permit initiation of RNAi 
at specific developmental stages, or in selected tissues. One way of achieving this 
involves expressing an RNA molecule that folds into a stem-loop structure, which 
mimics a double-stranded RNA. Alternatively, both (sense and antisense) strands of 
the dsRNA can be transcribed using separate promoters. With inducible, or tissue- 
specific promoters, the RNAi response can be tailored to the experimental 
requirements. Although both approaches have met with success, the stem-loop strategy 
is more widespread. 



RECA(recA) 

Amultifunctional protein in E 
coli that is involved in DNA 
recombination and 
postreplicativeDNArepair. 
This protein also has an energy- 
dependent homology- 
searching activity. 



that, at some step in the pathway (either during genera- 
tion of the 22-nucleotide fragment or mRNA cleavage 
by RISC), a nuclease might act processively on the sub- 
strate. These investigators also showed that RNAi was 
ATP-dependent. Although it was not completely clear 
which step of the process required ATP, the authors did 
show that the production of guide RNAs was greatly 
attenuated in the absence of ATP. 

These initial forays into the biochemistry of RNAi 
have yet to link genetically identified players to specif- 
ic roles in the silencing process. However, purification 
of both the RISC and of the nuclease that produces 
guide RNAs is continuing. It is likely that these efforts 
will begin to forge links between the biochemical 



Table 2 | RNA interference as a tool in various organisms 

RNAi as a tool today Works, but some limitations RNAi in the tuture 

C. elegans Zebrafish Mammalian cultured cells 

Drosophila Xenopus Mouse 

Plants Mouse embryo Human? 

Planaria 

Trypanosome 



mechanisms determined in vitro and the genetic 
analyses of diverse systems. An additional benefit 
could come from the development of in vitro assays 
from systems such as C. elegans or Arabidopsis, in 
which genetic mutants already exist, or by the identifi- 
cation of RNAi-resistant mutants in Drosophila. 

Current model 

The biochemical analyses described above have given 
us an understanding of the interference process that is 
sufficient to build at least a superficial model (fig. l). 
The trigger for silencing by RNAi (and perhaps also in 
some cases of tr an sgene- induced cosuppression) is 
clearly dsRNA. This is recognized by a nuclease that 
cleaves the dsRNAinto ~ 21-23- nucleotide fragments. 
The prototypical nuclease that is specific for dsRNA 
belongs to the RNaselll family of enzymes, which have 
been proposed to be components of RNAi 51 - 52 . The first 
biochemical measurement of such an enzyme was 
reported by Zamore and colleagues 24 , and a candidate 
protein has been identified by our lab 53 . Guide RNAs 
are assembled with one or more protein components to 
form the RISC. The RISC enzyme u ses the instruction 
provided by the guide RNAs to identify mRNA sub- 
strates for degradation. 

Although the model accounts for the basic obser- 
vations that have been made in vitro, it fails to account 
for many of the unusual properties of these silencing 
phenomena in vivo. For example, it is unclear how the 
RISC enzyme can identify its substrates so efficiently. 
The limited efficacy of antisense RNAs in many 
organisms suggests that base-pairing between com- 
plementary RNAs in vivo is not a common or 
favoured situation. So it seems likely that the RISC 
enzyme contains some mechanism to search the cellu- 
lar transcriptome for its specific substrates, similar to 
the ability of reca family proteins to search genomic 
DNA for homologous sequences 54 . Furthermore, the 
model makes no attempt to account for the systemic 
nature and heritability of silencing. However, we are 
optimistic that, as the biochemistry and genetics of 
the interference process evolve, we might be able to fit 
these unusual properties into a more detailed descrip- 
tion of the silencing process. 

RNAi today and in the future 

The use of RNAi as a method to alter gene expres- 
sion has been attempted in a wide variety of organ- 
isms, using different methods (BOX 3) and with vary- 
ing degrees of success (TABLE 2). In C. elegans, 
Drosophila and plants, RNAi seems to be an effective, 
specific and therefore valuble tool for reverse genet- 
ics. A second class of organism, including zebrafish, 
Xenopus and mouse, has been shown to have some 
capacity for RNAi; however, there seem to be signifi- 
cant limitations. 

In almost all cases, treatment of worms with dsRNA 
gives a phenocopy of the genetic null mutant (BOX4). 
Typically, adult hermaphrodites are soaked with dsRNA 
or are fed E coli cells that express the dsRNA. Specificity 
is usually high, although closely related sequences can 
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Box 4 I What does RNA interference do for me? 




The discovery of RNA interference (RNAi) has revolutionized reverse-genetic 
approaches in diverse systems. RNAi has become a standard procedure in C. elegans 
(see above figure) and is being harnessed in large-scale genomics efforts in plants. It 
has also allowed the functional analysis of genes in Drosophila melanogaster and 
cultured Drosophila cells, and in more exotic organisms such as planaria and 
trypanosomes 70 - 71 . RNAi has been used successfully in Drosophila, particularly for 
the study of embryonic phenotypes. However, recent demonstrations that enforced 
the production of hairpin RNAs in adults can silence gene expression promise to 
expand the utility of this approach 72 . 

Several recent papere have suggested that RNAi might also prove useful in vertebrate 
systems. The first indication came from zebrafish, in which silencing was observed after 
injection of double-stranded (ds)RNA into embryos 73 74 . The effect seemed less potent 
than that seen in C. elegans, with only 20-30% of embryos being affected. 
Subsequently, concerns about cross-interference have slowed the acceptance of this 
technology 75 , so further work is needed before drawing a conclusion regarding the 
utility of RNAi in zebrafish. 

The report that dsRNA can specifically interfere with gene expression in 
mammals was more startling. Injection of dsRNA into early stage mouse embryos 
specifically antagonized both endogenous and exogenous genes 63 - 64 . The effects, 
however, were transient, lasting roughly until the time of implantation. This 
raises the possibility that increased knowledge of the mechanisms of RNAi will 
provide the means to prolong the effect and make dsRNA-induced gene silencing 
a generally useful tool for probing gene function in mammals. The insert shows 
C.elegans embryos produced by worms that had been fed BIR-1 or dsRNA. 
BIR-I deficiency (right photo) produces a profound cytokinesis deficiency as 
compared with controls (left photo) 76 . (Images kindly provided by S. Milstein 
and M. O. Hengartner.) 



cross- interfere 8 . Alternatively, worms can be engineered 
that express a stem- loop RNAfrom a stable episome or 
from genomic integrants 55 . This allows the generation of 
stable phenotypically null strains. Although RNAi has 
been most widely harnessed for reverse genetics, whole- 
genome approaches are on the horizon. Recent 
reports have described the use of RNAi to systemati- 
cally and individually ablate each gene on entire C. 
elegans chromosomes 56 - 57 . 

RNAi technology is proving beneficial for the study 
of Drosophila embryology. Injection of early stage 
embryos leads to null phenotypes at later stages. But this 
approach is restricted to a relatively narrow developmen- 
tal window. A more general approach to achieve gene 
silencing in embryos or in adult flies is through the 
expression of stem-loop RNAs; however, this requires 
the time consuming operation of generating transgenic 
animals 58 Finally, RNAi is being harnessed for reverse 
genetics in cultured Drosophila cells. This process is 
almost trivial because silencing can be achieved simply 



by adding the dsRNAto the culture medium 59 

Among the reasons that both C.elegans and 
Drosophila have benefited so markedly from RNAi is the 
difficulty (in the case of C.elegans, the impossibility) of 
generating targeted null mutations analogous to mouse 
knockouts 60 . This is also the case in planaria and try- 
panosomes, two other organisms in which RNAi tech- 
nology can be applied 61 - 62 

The related phenomenon of virus- induced gene 
silencing is a potentially powerful approach for plant 
genetics. Introducing the inducing agent can be done 
in many ways. One option is to engineer the plant 
vector Agrobacterium tumifaciens to deliver a hairpin 
expression construct, and another is to use plant 
viruses such as potato virus X. In the latter case, 
dsRNA that is generated during viral replication in 
the plant silences the endogenous genes that are 
homologous to any sequences carried within the 
virus. These technologies will encourage loss-of-func- 
tion RNAi screens to be done in plants, similar to 
those being done in C.elegans 56 - 51 . 

Many investigators are eager to see RNAi tech- 
nologies applied as genetic tools in vertebrate organ- 
isms (table 2) . Some hope for this possibility is pro- 
vided by the discovery that dsRNA can induce 
sequence- specific silencing in early mouse 
embryos 63 - 64 . Unfortunately, the use of this approach 
is, at present, limited to a narrow developmental win- 
dow, and effects provoked in early embryos do not 
persist after implantation 64 . It has recently been 
reported that dsRNAs can silence the expression of 
exogenous genes in Chinese hamster ovary cells 65 . 
Although it has yet to be definitively shown that the 
mechanisms by which dsRNAs induce silencing in 
mammals are similar to those that seem to be con- 
served in plants, flies, worms and fungi, it seems 
probable that the interference mechanism is univer- 
sal. So a deeper understanding of RNAi in various 
experimental systems might lead to insights into how 
to harness this potentially latent process in mam- 
malian cell culture and in mammalian animals. 

Conclusions 

Since the independent discovery of seemingly unre- 
lated silencing phenomena in plants, fungi and ani- 
mals, we have come to realize that dsRNAcan activate 
an evolution arily conserved mechanism of gene regu- 
lation. Over the past few years, we have come to 
understand the basic mechanism through which 
silencing occurs. However, only through a combina- 
tion of biochemical and genetic approaches in several 
experimental models can we hope to elucidate the 
mechanistic basis of dsRNA- induced silencing and to 
appreciate its biological importance. 

Links 

DATABASE LINKS par-1 1 DDM1 1 rde-4 1 rde-1 1 qde-2 I 
AGO-1 1 rde-2 I mut-7 1 Werner syndrome I mut-2 I smg-2 
I smg-5 1 smg-6 1 qde-3 1 Bloom syndrome I ego-1 1 SGS-2 I 
SDE-1 
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